Yeasts represent a significant part of soil fungal communities [1] , and although approximately 130 species have been reported to be associated with soil worldwide (reviewed by Yurkov et al. [2] ), their diversity in soil ecosystems is poorly known [1] . Moreover, although approximately 1500 yeast species have been described up to 2011 [3] , estimates of the total number of species suggest a number 10 times higher [4] . This uncharted diversity calls for the introduction of novel techniques to foster the global inventory of yeast diversity. Among these techniques, direct detection methods that avoid the cultivation approach are at the forefront [5] . For example, the direct amplification and sequencing of DNA from environmental samples constitute a suitable tool to study the composition of microbial communities and ecological associations of species [5, 6] . This approach provides valuable insights into the community composition and clues to identify the drivers of species distribution. A negative aspect of such methodologies is the absence of cultures for phenotypic analysis and, more specifically, for the investigation of interesting biotechnological properties. One way of circumventing this problem is to combine, in a single study, a cultivation-independent approach that typically has high throughput and a more conventional cultivation-dependent method that yields cultures for further study.
We conducted such a study combining the two approaches using soil samples from forests located north of Brno, in the Czech Republic [7] . Here we analyse, with the combined approach, the occurrence of three novel species, two of them described as new genera. The culture-independent approach revealed that the new yeast species appear to be relatively frequent in the studied sites, therefore, illustrating their importance in temperate forests. Representatives of the novel taxa were present among the cultures obtained in this study but, in contrast with metagenomics, were rarely isolated. They are described as Leucosporidium krtinense f.a. sp. nov., Libkindia masarykiana gen. et sp. nov. and Yurkovia mendeliana gen. et sp. nov.
Soil and litter samples were obtained from the Training Forest Enterprise Masaryk Forest K rtiny. The Masaryk Forest K rtiny has a total area of 103 km 2 (16 15¢ E 49 15¢ N) and is located north of Brno, Czech Republic. Climatically, the area is part of the South Moravian Region with a mean annual temperature of 8-9.5 C (mean annual temperature of the coldest and warmest months of 2014 was 0.5 and 20.5 C, respectively) and a mean annual precipitation of 400-500 mm. The area is covered by approximately 46 % conifer and 54 % broadleaf tree species and includes the parent rocks of granodiorites, culmian greywacke and limestone types.
In this area, 80 study sites [11 spruce stands, 18 beech stands, 7 oak stands and 44 sites with mixed vegetation; Fig.  S1 (available in the online Supplementary Material)] were sampled in September and October 2013 and used for the extraction of environmental DNA. Yeast cultures were isolated from 18 selected sites (six stands each of beech, oak and spruce) in October 2013 and April 2014. At each site, five soil cores of 4.5 cm in diameter were collected up to a depth of 10 cm, including one from the centre and four located at a distance of 2 m to the north, south, east and west from the central core. The cores were stored at 4 C and processed within 24 h after collection. The material was divided into soil and litter fractions, which were processed separately. The litter was cut into ca. 0.25 cm 2 pieces. The soil was sieved through a 5 mm sieve to remove stones, roots and other big particles and to homogenize the sieved soil material. The samples used for yeast isolation were stored at 4 C and were processed within 48 h. The samples for DNA extractions were stored at À80
C.
For the analysis of the fungal community by high-throughput sequencing, the total genomic DNA was extracted in triplicate from 250 mg soil using a modified Miller method [8] and a previously described protocol [9] . The PCR amplification of the fungal internal transcribed spacer 2 (ITS2) region from DNA was performed using barcode primers gITS7 and ITS4 [10] in three reactions per sample.
The sequencing of the fungal amplicons was performed on an Illumina MiSeq. The sequencing data were processed using the SEED 1.2.1 pipeline [11] . Briefly, pair-end reads were merged using fastq-join [12] , and the ITS2 region was extracted using the ITS Extractor 1.0.8 [13] before processing. Chimeric sequences were detected using Usearch 7.0.1090 [14] and then deleted. Afterwards, the environmental sequences and sequences of obtained isolates were clustered using UPARSE implemented within Usearch [14] at a 97 % similarity level [15] . Consensus sequences were constructed for each cluster, and the closest hits at the genus or species level were identified using UNITE [16] .
Isolates were clustered into operational taxonomic units (OTUs) based on 97 % sequence similarity. Those isolates that belonged to OTUs with a relative abundance >0.5 % in at least one environmental sample and with no close identified hits (<90 % coverage, <97 % similarity) were selected for further characterization as potential novel species of yeasts.
For yeast isolation, 1 g soil was suspended in 5 ml demineralized water, serially diluted and plated on yeast glucose (YG) agar [17] supplemented with chloramphenicol (0.2 g l
À1
). Plates were inoculated in triplicate and incubated at 4 C for 14 days. The growing yeast colonies were transferred to fresh YG agar plates for culture purification. For the preliminary molecular identification of the strains, total DNA was extracted with the ArchivePure DNA Yeast/ Gram-positive Bacteria kit (5 PRIME). The ITS1F and NL4 primers [18, 19] were used to amplify a region of the nuclear ribosomal DNA (rDNA) which spans the ITS1, the 5.8S RNA gene, the ITS2 and the D1/D2 region of the large subunit of the 28S rDNA. Each 25 µl reaction contained 2.5 µl 10Â polymerase buffer, 1 µl of each primer (0.01 mM), 0.5 µl PCR Nucleotide Mix (10 mM), 0.75 µl polymerase (2 U µl À1 DyNAzyme polymerase) and 1 µl genomic DNA with concentration between 10 and 100 ng µl
. The cycling conditions were 94 C for 4 min and 35 cycles of 94 C for 1 min, 54 C for 1 min and 72 C for 1 min, followed by an extension step at 72 C for 10 min. PCR amplicons were sequenced at an external facility (GATC Biotech), and the sequences were manually edited.
Assimilation tests of carbon and nitrogen sources and additional standard tests used in phenotypic characterization were performed in liquid media following the procedures described by Kurtzman et al. [3] . For microscopy, cultures were grown at 17-22 C on YM agar and on corn meal agar (CMA; Difco) and studied with phase-contrast optics.
For the phylogenetic analyses, total DNA of isolates that potentially represented novel species was extracted using the protocol described by Sampaio et al. [20] and purified by illustra GFX PCR DNA and a Gel Band Purification kit (GE Healthcare). The DNA was amplified with the LR6 and ITS5 primer pairs. The sequencing of the D1/D2 domain of the 26S rDNA was performed with the NL4 primer. The ITS region of the rDNA was sequenced with the ITS4 primer. For the amplification and sequencing of the genes RPB1 and TEF1, the primers used were RPB1-Af (5¢-GARTG YCCDGGDCAYTTYGG-3¢) and RPB1-Cr (5¢-CCNGCDA TNTCRTTRTCCATRTA-3¢) and Al_34_EF1_300_F1 (5¢-TTCATCAAGAACATGAT-3¢) and AL34_EF1_1050_R_-Tail (5¢-GCTATCATCACAATGGACGTTCTTGGAG-3¢), respectively. Phylogenetic analyses were based on the D1/ D2 domains of the 26S rDNA (LSU) and the ITS region, which included the 5.8S rRNA gene, and also on a concatenated alignment of D1/D2, ITS, RPB1 (subunit 1 of RNA polymerase II) and TEF1 (translation elongation factor 1-a). The maximum-likelihood method as implemented in RAxML with the GTRGAMMA model of sequence evolution was used in all cases.
In total, 198 yeast strains were isolated and tentatively identified using BLASTn against the UNITE and GenBank (www.ncbi. nlm.nih.gov) databases. To ensure a clear identification, only the hits with >90 % coverage and >97 % similarity were retained. This criterion was fulfilled for 128 isolates that belonged to 24 genera, whose designations follow recent taxonomic changes [21, 22] : Candida, Cryptococcus, Cutaneotrichosporon, Cystofilobasidium, Dioszegia, Fellozyma, Filobasidium, Heterocephalacria, Holtermanniella, Itersonilia, Kwoniella, Lachancea, Leucosporidium, Naganishia, Oberwinklerozyma, Pichia, Piskurozyma, Rhodosporidiobolus, Saitozyma, Sporobolomyces, Solicoccozyma, Trichosporon, Vishniacozyma and Yamadamyces (Table S1 ). Based on analyses of rDNA sequences, three strains were preliminarily classified as novel basidiomycetous yeast species belonging to the subphylum Pucciniomycotina and class Microbotryomycetes. These three strains were isolated from litter collected either in October 2013 or April 2014 and were distinctly different from their closest relatives (Fig. 1 ). Strain PYCC 6879
T was most closely related to Leucosporidium intermedium CBS 7226
T , but the two strains differed by 4 nucleotide substitutions (0.8 %) in the D1/D2 domain of the 26S rDNA and by 23 nucleotide substitutions in the complete ITS region (3.9 %). The differences between PYCC 6884
T and its closest relatives, Bannozyma arctica, Bannozyma yamatoana, Chrysozyma griseoflava, Fellozyma inositophila, Hamamotoa singularis and Hamamotoa lignophila, ranged between 3 and 5 % in the D1/D2 domain and 8 and 12 % in the complete ITS region. The strain PYCC 6886 T occupied a somewhat isolated position and was loosely related to Phenoliferia and to Yamadamyces.
Whereas the generic placement of PYCC 6879
T within Leucosporidium offered no doubts, to clarify the generic assignments of the remaining new yeast species, we reconstructed more restricted phylogenetic trees that included concatenated sequences of RPB1, TEF1, D1/D2 and ITS and that are also depicted in Fig. 1 . In this analysis, PYCC 6886 T appears not to belong to Phenoliferia or to Yamadamyces (Fig. 1b) . This strain differed from the four species of Phenoliferia by 8-11 substitutions (1.6-2.3 %) in the D1/D2 domain and by 31-34 substitutions in the complete ITS region (5.8-6.5 %). PYCC 6886 T differed from Yamadamyces rosulatus by 16 substitutions (3 %) in the D1/D2 domain and 12 substitutions (3 %) in the ITS region. Therefore, given the isolated position of PYCC 6886 T , we opt to describe it in a new genus as Libkindia masarykiana gen. et sp. nov. As for PYCC 6884 T , the multigene analysis shown in Fig. 1 (c) places this strain in an isolated position, having as near relatives the genera Bannozyma, Chrysozyma, Fellozyma and Hamamotoa. Since in our analyses, none of these genera appear as an obvious candidate to accommodate the novel species, we opt to describe it in a new genus as Yurkovia mendeliana gen. et sp. nov. The sequence data for the new taxa were deposited in GenBank (Table S2 ). The detection of Fellozyma inositophila, represented by strain PYCC 6882, is of notice. This species was originally found in a bamboo leaf, about 30 years ago in Japan, and was until now known from a single strain [23] .
Based on the analysis of environmental DNA, the novel species constitute common and abundant taxa in the studied environment (Table S2 ). If we consider the fact that the mean relative abundance of the three most abundant genera, i.e Saitozyma, Solicoccozyma and Apiotrichum, was 85.6 % in the soil samples and 36.7 % in the litter samples, the novel species represented an important share of the rest of the yeast community, which indicates their high environmental relevance in the temperate mixed forests ecosystems. Therefore and in spite of basing their respective formal descriptions on single strains, the metagenomics data indicated that these are indeed relatively frequent species in the type of soils studied. Interestingly, among the total number of yeast strains isolated (198), the novel species were poorly represented. In two cases, only a single strain was found, and for Leucosporidium krtinense, six additional strains were isolated and molecularly identified, having identical ITS sequences, but lost viability subsequently. This discrepancy between culture-dependent and culture-independent methods might be caused by a lower fitness of the three novel taxa in conventional culture media, a topic worthy of further research. The strains representing the novel species were characterized with the standard tests used in yeast taxonomy.
DESCRIPTION OF LEUCOSPORIDIUM KRTINENSE F.A., SP. NOV. MAŠÍNOV A, PONTES, CARVALHO, SAMPAIO AND BALDRIAN
Leucosporidium krtinense (kr.tin.en¢se. N.L. neut. adj. krtinense referring to the Training Forest Enterprise Masaryk Forest K rtiny where the novel species was found).
After 3 days at 25 C in YG agar, the cells are subglobose to ovoid, 2.5-4.0Â3.5-9 µm, occurring singly or in pairs, and budding is predominantly polar (Fig. 2a) . After 1 month at 25 C, the streak culture is brownish cream; the surface is rough with a membranous structure, and the margin is entire. Pseudohyphae are observed after 1 month in CMA at room temperature (Fig. 2b) 
Leucosporidium creatinivorum CBS 8620 T (AF444629/AF189925)
Leucosporidium escuderoi 131209-E2A-C3-II-lev (JN197600/JN181009) After 3 days at 25 C in YG agar, the cells are elongated to cylindrical, 2-3Â8.5-12 µm, occurring singly or in pairs, and budding is predominantly polar (Fig. 2c) . After 1 month at 25 C, the streak culture is brownish cream; the surface is rough, and the margin is entire or rarely wrinkled. Hyphae, pseudohyphae and ballistoconidia are not formed. Yurkovia mendeliana (men.del.i.a¢na. N.L. fem. adj. mendeliana in honour of Johann Gregor Mendel, the founder of genetics, whose name is carried by the university that owns the forest where the type strain was isolated).
Leucosporidium drummii FN908919 (FN9089919/FN428965)

Leucosporidium fragarium CBS 6254 T (AF444530/AF070428)
Leucosporidium golubevii PYCC 5759 T (AY212987/AY212997)
Leucosporidium muscorum CBS 6921 T (AF444527/AF070433)
Yamadamyces rosulatus CBS 10977 T (EU872492/EU872490)
Phenoliferia psychrophenolica CBS 10438 T (EF151246/EF151255)
Kriegeria eriophori CBS 8387 (AF444602/AF189905)
Phenoliferia himalayensis CBS 10539 T (AM410635/AM410635)
Phenoliferia glacialis CBS 10436 T (EF151249/EF151258)
Phenoliferia psychrophila CBS 10440 T (EF151243/EF151252)
Libkindia masarykiana PYCC 6886 T (KU187889/KU187885)
Rhodotorula svalbardensis MLB-I (JF805370/JF805370)
Oberwinklerozyma straminea CBS 10976 T (EU872491/EU872489)
Oberwinklerozyma yarrowii CBS 7417 T (AF444628/AF189971)
Oberwinklerozyma silvestris CBS 11420 T (GQ121045/GQ121044)
Glaciozyma watsonii CBS 10986 T (HQ432818/HQ432817)
Glaciozyma martinii CBS 10620 T (EU149807/HQ676604)
Glaciozyma antarctica
After 3 days at 25 C in YG agar, the cells are elongate to ellipsoidal, 2-4Â8-11 µm, occurring singly or in pairs, and budding is predominantly polar (Fig. 2d) . After 1 month at 25 C, the streak culture is brownish-cream coloured; the surface is smooth, and the margin is entirely or rarely wrinkled. Hyphae, pseudohyphae and ballistoconidia are not Leucosporidium krtinense f.a. differed from Leucosporidium intermedium in D-xylose, L-arabinose and ribitol assimilation and in the ability to use nitrate as the sole nitrogen source. In the temperate forests studied, Leucosporidium krtinense f.a. occurred at sites dominated by all the dominant tree types, even though it was infrequent under oak. No clear preference for soil or litter was observed (Table S2 ). This species is abundant mainly in litter, where it may dominate the yeast community (Table S2 ). In the studied temperate forests, Libkindia masarykiana occurred at sites dominated by all dominant tree types. This species is abundant mainly in litter (Table S2 ). An identical ITS sequence (GenBank accession no. JN889786) was detected in a study [24] comparing fungal communities between AK (USA) and Guyana. A D1/D2 sequence that differed by 2 nucleotides (GenBank accession no. KC588725) was detected in Acer saccharum-dominated sites in MI (USA), and a sequence that differed by 5 nucleotides (GenBank accession no. KF567265) was found in a pine forest in NC, USA. In spite of the association of Libkindia with Kriegeria in the concatenated phylogeny of Fig. 1(b) , we believe that the novel taxon should not be described in Kriegeria because this genus includes a unique plant pathogen with a distinctive life cycle and very peculiar yeast cells [25] . Yurkovia mendeliana occurred mainly in litter and revealed no clear preference for dominant tree species (Table S2) . It is likely that other species will be described in Yurkovia in the near future. For example, a sequence of the D1/D2 domain with 6 nucleotide substitutions (GenBank accession no. JX242144) was detected in Hawaiian plants, and a soil yeast (AY 214) found in Germany had 2 and 36 substitutions in the D1/D2 (GenBank accession no. FN428969) and ITS (GenBank accession no. KY083054) regions, respectively. Another soil isolate, DBVPG 10602, whose D1/D2 and ITS sequences were released during the revision of this manuscript (GenBank accession nos KU745307 and KU745372, respectively), is probably an additional representative of Yurkovia mendeliana. The two strains differ just by one substitution in the D1/D2 region (but additional sequencing is needed because sequence coverage was only 87 %) and three substitutions in the ITS region.
Our results demonstrate that a combination of metagenomic approaches with classical yeast isolation and cultivation techniques is an effective methodology for assessing yeast diversity in the soil ecosystem and for uncovering novel yeast taxa that are, apparently, less prone to yield cultures during the isolation process. 
